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DEPTH-OF-FOCUS OF THE HUMAN EYE 
David A. Atchison DSc 
School of Optometry, Queensland University of Technology, Brisbane, Australia 
 
Introduction 
 
In general optical systems, the range of distances over which the detector cannot detect any 
change in focus is called the depth-of-field. This may be specified by movement of the object 
or image planes, with the former being referred to as depth-of-field and the latter as depth-of-
focus (DOF). Either term can be used in vision science, where we refer to changes in 
vergence which have the same value in both object and image space.  
 
A simple definition for DOF is the vergence range of focusing errors that does not result in 
objectionable deterioration in retinal image quality. This objectionable deterioration can be 
determined according to different subjective and objective measures. It is now possible to 
measure and manipulate aberrations other than defocus, and we can consider limits to these 
aberrations that lead to objectionable deterioration in vision 1,2; for these aberrations, a term 
such as “blur limits” is more appropriate than DOF. 
 
Increasing the DOF is advantageous in some circumstances. The age-related reduction in 
amplitude of accommodation that causes presbyopia can be ameliorated by increasing DOF. 
One way to increase DOF  is to introduce additional aberrations, but unfortunately this 
reduces peak optical and visual performance. Ways to increase DOF are discussed later in 
this chapter and in Sections V and VI of this book. 
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DOF depends upon both external and internal factors. External factors include target 
properties of luminance, contrast, spatial detail and spectral profile. Internal factors include 
optical factors, neural factors, refractive error group, age, ocular disease and personality. The 
optical factors include pupil diameter, which interacts with the other optical factors, 
diffraction, and the monochromatic and chromatic aberrations. Neural factors include 
photoreceptor size and ganglion cell density, Stiles-Crawford effect, visual acuity and 
contrast thresholds, and with DOF greater under binocular vision compared with monocular 
vision 3. Some studies have reported larger DOFs in myopes than in emmetropes eg 
Rosenfield & Abraham-Cohen 4, Vasudevan, Ciuffreda, & Wang 5. Under constant external 
conditions, age should increase DOF through the ageing-related “senile” miosis and neural 
factors. Inter-individual variation is high with subjective measures, and this is related to 
personality traits 6. 
 
Some of the target and optical factors affecting DOF are highlighted in Figure 3-1 which 
shows subjective DOF for a group of subjects as a function of letter size. Both positive and 
negative limits are given. The total DOF is given by the dioptric range between the positive 
and negative limits. DOF decreases with increase in pupil size from 3 mm to 4 mm diameter, 
but there is little further decrease from 4 mm to 6 mm pupil diameter. DOF increases as 
target detail size increases. The importance of the criterion used to judge whether the blur in 
the defocused image is acceptable is shown by comparing the results for “just noticeable” 
(top row) and “just objectionable” blur (bottom row) criteria, with the latter having 
approximately 2.7 times the limits of the former. Using a monochromatic rather than a 
polychromatic background, combined with correction of higher-order aberrations, reduces 
limits by about 20% (compare left and right columns). 
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While it is not always meaningful to compare DOF results based on different measures, the 
trends found here, particularly the effect of pupil size, are likely to be found with other 
measures. 
 
One complication of determining DOF is accommodation. Attempts to induce hypermetropic 
blur, e.g. by adding negative lenses in front of the eye, can be overcome by accommodation, 
so that the total DOF is over-estimated. Some studies have eliminated this difficulty by 
paralysing accommodation with cycloplegic drugs, while other studies have determined DOF 
in only one direction. The problem with the latter is the accurate determination of the 
reference position. Of course, accommodation is not an issue with complete presbyopes. 
 
Some interest exists in how the higher-order aberrations influence DOF. The higher-order 
aberrations can be manipulated with a deformable mirror or ophthalmic devices such as 
contact lenses while subjective DOF or visual acuity is measured (see Measures 1 and 2 in 
Measures for determining depth-of-focus). Correcting higher-order aberrations increases 
peak visual or optical performance, but results in a more rapid loss of performance away 
from the in-focus condition 7, 8. Usually this leads to a smaller DOF, but the direction of 
change depends upon the measure and criterion used (see Measures for determining depth-
of-focus).  
 
Benard et al9 found that high amounts of fourth-order Zernike spherical aberration (±0.3 m 
and ±0.6 m coefficients) increase the subjective DOF for a 6 mm diameter pupil with a 
target of four 0.4 logMAR letters. Adding 0.1 m 6th-order Zernike spherical aberration, of 
the opposite sign as the 4th-order aberration, increased the DOF further. This is not a 
surprising result when it is realised that the balanced form of Zernike aberration polynomials 
 	 Page	4		
means that they each contain different order terms. The fourth-order and sixth-order Zernike 
polynomials are 5(64 – 62 + 1) and 7(206 – 304 + 62 – 1), respectively 10, where  is 
the relative distance from the centre to the pupil edge. If the signs of the coefficients are 
opposite, the 4 component will increase. By the same reasoning, the higher-order spherical 
aberrations will interact with the Zernike defocus term 3(22 – 1) to influence the midpoint 
of the DOF. 
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Figure 3-1. Subjective DOF for a subject group as a function of letter size. Top row: “just 
noticeable” blur criterion, bottom row “just objectionable” blur criterion. Left column: white 
background with correction of second-order astigmatism, right column correction: 
monochromatic background with correction of second-order astigmatism and higher-order 
aberrations. Positive defocus is equivalent to placing positive powered lenses in front of the 
eye. Data from Ophthalmic & Physiological Optics, Vol 29, Atchison, D. A., Guo, H., & 
Fisher, S. W. Limits of spherical blur determined with an adaptive optics mirror. 300-311 11, 
with permission from John Wiley and Sons. 
Measures for determining depth-of-focus 
 
Measure 1. The range of focusing errors for which no perceptible blur of a target is 
noticeable  
 
This measure is particularly relevant to subjective refraction and determining the subjective 
amplitude of accommodation. The vergence is varied in both directions to determine where a 
target first appears to be blurred. The target can be moved backwards and forwards to locate 
the range within which it appears to be in focus, or lenses can be added to find this range. A 
single target may be presented. Alternatively two targets may be presented in succession or 
simultaneously side-by-side, one of which is the reference in-focus target and the other which 
has different levels of defocus, with the subject’s task being to decide which one is out-of-
focus.  
 
Rather than altering optics, as with moving the target or changing lenses in front of the eye, 
the source itself may itself be blurred when this is an image on the screen blurred by image-
processing methods such as convolving an in-focus image with the defocused point-spread 
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function. The source method has been used in several studies in which blur is simulated for 
large pupils and viewed with well-corrected eyes and small pupils eg Cheng, Bradley, 
Ravikumar, & Thibos 12. Blur limits for aberrations other than defocus can be determined this 
way. The source method can also be used with Measure 2.  
 
A variation on this measure is to consider blur limits other than “just perceptible” or “just 
noticeable” 13,14 . Hence in some studies, other criteria such as “just troublesome” and “just 
objectionable” have been used (Figure 3-1). These are relevant to the design of progressive 
addition spectacle corrections where, when choosing widths of reading zones, it is useful to 
know the blur levels that patients are likely to tolerate.  
 
Measure 2. The range of focusing errors for which visual acuity or contrast sensitivity does 
not decrease below a particular level or by more than a certain value 
 
An example of this for visual acuity is shown in Figure 3-2. This shows visual acuity as a 
function of defocus when the higher-order aberrations are left uncorrected or are corrected 
using a deformable mirror 8. The visual acuity threshold is taken as 0.07 logMAR (6/7, 20/23 
and 0.85 in other visual acuity notations). The DOF is 1.1 D for the no adaptive optics 
condition and is 0.9 D with the adaptive optics correction. The smaller limits for the latter are 
because visual acuity decreases more quickly away from the in-focus condition when other 
aberrations are corrected. When the DOF is determined by a loss in visual acuity of 0.15 
logMAR (30 %), the limits for the no adaptive optics condition are unchanged but the DOF 
for the adaptive optics correction reduces to 0.6 D.  
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If a stringent visual acuity threshold of –0.1 logMAR had been adopted, the DOF for the no 
adaptive optics condition would be zero and hence less, rather than greater, than with the 
adaptive optics correction (0.3 D). While –0.1 logMAR is a highly unlikely choice of visual 
acuity threshold to determine DOF, this situation highlights the dependency of DOF on the 
criteria used to define it.  
 
When Measure 2 is applied to contrast sensitivity, the DOF will be affected by the spatial 
frequency of the target. For example, using the data shown in Figure 3-3 with a criterion of 
0.3 log units loss in contrast sensitivity, the DOF reduces from 0.9 D to 0.5 D for sinusoidal 
gratings with increase in spatial frequency from 10 c/deg to 30 c/deg. 
 
Figure 3-2. Visual acuity as a function of defocus for one subject. The black symbols are for 
the situation where higher-order aberrations are not corrected and the red symbols are where 
higher-order aberrations are corrected. The straight lines indicate DOF limits for 0.07 
logMAR visual acuity (top line for no adaptive optics and line immediately below it for 
adaptive optics correction) and for 015 logMAR loss of visual acuity (top line again for no 
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adaptive optics and bottom line for adaptive optics correction).  Monochromatic light (550 
nm), pupil diameter 5.5 mm, luminance 8 cd/m2. Error bars are standard deviations. Data 
from Vision Research, Vol 48, Guo, H., Atchison, D. A., & Birt, B. Changes in through-
focus spatial visual performance with adaptive optics correction of monochromatic 
aberrations. 1804-1811 (2008), with permission from Elsevier Press. 
 
Figure 3-3. Contrast sensitivity at three spatial frequencies as a function of defocus for one 
subject. Monochromatic light (550 nm), pupil diameter 5.5 mm, luminance 35 cd/m2. Data 
from Vision Research, Vol 48, Guo, H., Atchison, D. A., & Birt, B. Changes in through-
focus spatial visual performance with adaptive optics correction of monochromatic 
aberrations. 1804-1811 (2008), with permission from Elsevier Press. 
 
Measure 3. The range of focusing errors for which changes in contrast are not detected for 
a target in longitudinal sinusoidal motion  
 
Typically, the subject views a periodic target such as a sinusoidal grating through a Badal 
optical system. The target is moved forwards and backwards in sinusoidal motion, and the 
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threshold amplitude of the movement is determined for which apparent variation in the 
target’s contrast can be determined. If a non-periodic target is not used, some other criterion 
can be used, such as the appearance of blur, which makes this measure similar to Measure 1.  
DOF is a minimum when the centre of the range is off-set slightly to one side of the optimal 
focus (Figure 3-4). 
 
Figure 3-4. DOF as a function of central focus setting relative to the in-focus setting. DOF 
without an offset is approximately 0.4 D, and this reduces to a minimum of approximately 
0.23 D at ±2 D offset. Based on data of Walsh and Charman 15, with green colour, pupil 
diameter 3mm, spatial frequency 2.55 c/deg and oscillation 2 Hz.  
 
Measure 4. The range of focusing errors for which the accommodation response does not 
change 
 
For this measure, change in accommodation response is measured by an objective technique. 
Mordi & Ciuffreda 16 found objective DOF (mean 0.76 D) to be much smaller than subjective 
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DOF (mean 1.24 D), but Vasudevan, Ciuffreda, & Wang 17 found no significant difference 
between the two measures. 
 
Measure 5. The range of focusing errors which degrades retinal image quality below a 
particular level or by more than a certain amount 
 
This is the objective equivalent to Measure 2. Well-known indicators of image quality of an 
optical system include the point-spread, line-spread, and modulation transfer functions, or 
their derivatives such as the half-width of the point-spread function. As applied to the eye, 
many “image quality” metrics can be calculated from the measured aberrations of the eye. 
These metrics were developed in order to obtain objective estimates of refraction that agree 
well with subjective refraction. These are of two groups, pupil plane metrics and image plane 
metrics. Pupil plane metrics are based closely on the aberrations of the system, and include 
the root-mean-squared aberrations over a specified pupil size and the pupil size for which the 
root-mean squared aberrations do not exceed a particular value. Image plane metrics are 
based on transformations that convert the aberrations to image quality measures such as the 
optical transfer function. In general, finding the focus position that maximizes (or minimizes 
ifappropriate) the value of a metric is more successful with image plane metrics than with 
pupil plane methods in providing a good estimate of subjective refraction 7. 
 
The image plane metric known as the visual Strehl ratio is one of the best predictors of 
subjective refraction 7 as well as the best predictor of visual acuity 18. The visual Strehl ratio 
is the normalized volume under the optical transfer function as weighted by the neural 
contrast sensitivity function, the latter based on a single subject 19, determined for a particular 
range of spatial frequencies such 0 to 60 cycles/degrees. 
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The attraction of image quality metrics for estimating DOF is that the only required 
clinical/experimental measurement is of an eye’s aberrations. The DOF is determined as the 
computationally-determined range of focus for which the metric exceeds a particular value or 
exceeds a particular proportion of the peak value such as 80% or 50%. As an example, Yi, 
Iskander, & Collins 20 compared DOF estimates obtained with the visual Strehl ratio with 
subjective DOF based on the “just noticeable” blur criterion using a 0.6 logMAR letter 
(visual acuity equivalents 6/24, 20/80 and 0.25). The proportions of the peak value of the 
visual Strehl ratio corresponding to the subjective limits were 66±10% and 37±18% for 5 mm 
and 3.5 mm pupils, respectively. There was a significant correlation between the matching 
proportions and root-mean-squared higher-order aberrations at the larger pupil, suggesting 
that under some circumstances an individual’s subjective DOF may be reasonably 
determined from a single measurement of his/her wavefront aberrations. 
 
Modelling depth-of-focus 
 
The reader is referred to Atchison & Smith 21 for an earlier coverage of this topic. 
 
DOF in the eye can be explained at a simple level using the defocus blur disc model of 
defocused systems and the size of the detector elements in the image plane. In an aberration- 
and diffraction-free system, the image of a defocused point is a defocus blur disc. If this disc 
is smaller than a detector element, the system will not be able to detect defocus. Defocus will 
be detectable only once the defocus blur disc overlaps at least two detectors. Because this 
model neglects aberrations, diffraction and how the visual system processes retinal images 
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(e.g. interactions between adjacent receptors), it is a crude model and cannot be expected to 
predict accurately DOF of the eye. The DOF L in dioptres is given by 
L = 2 th/D  
where  th radians is a threshold angular diameter set by the foveal cone diameter, and D is 
pupil diameter in metres. For a foveal cone diameter of 0.003 mm, a posterior nodal point 17 
mm from the retina, and a pupil diameter of 3mm, DOF is 0.12 D, which is much smaller 
than experimental values (eg see Figure 3-1). Taking diffraction into account and considering 
the full width at half-maximum of the point spread function as 2 minutes of arc (0.00058 
radians), the equation gives a DOF for a 3 mm pupil diameter of 0.38 D, which is similar to, 
although still smaller than, the subjective ranges in the top right-hand part of Figure 3-1 at 
this pupil size and for small letters.  
 
For small pupil sizes, diffraction will become increasing important. As diffraction theory 
predicts that the point-spread function is inversely proportional to pupil diameter, we would 
also expect DOF to be inversely proportional to the square of pupil diameter. For larger pupil 
diameters, the point-spread function can be regarded as being affected by aberrations alone, 
and it might be expected that DOF would increase with increase in pupil diameter. However, 
this does not happen out to pupil sizes of at least 6 mm, possibly because the aberrations of 
the eye are too low to have a large effect or because the aberrations are too irregular, and 
with possibly a small influence of the Stiles-Crawford effect under photopic lighting levels. 
 
Considering the effect of defocus only on the image of a point object is not particularly 
realistic, since few scenes are composed of point sources. Edges are also important. Atchison 
et al. 22 developed a model to describe how the visual system might change its criterion of 
what is just-noticeable blur, according to the size of letter targets. At very small letter sizes 
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the perception of blur is based on low spatial frequency information that affects the overall 
contrast of the retinal image relative to its background. As letter size increases, the 
fundamental spatial frequency of the letter moves into the spatial frequency range at which 
modulation transfer is sensitive to defocus, and the important imaging aspect is the contrast 
between dark and light bars. At even larger letter sizes, the spatial frequency of the 
fundamental is low enough that its modulation transfer is relatively unaffected by defocus, 
but higher-order harmonics will be at spatial frequencies whose modulation transfers are 
affected by defocus. These are relevant to edge detection, and blur perception is now based 
on edge sharpness rather than light and dark bar contrast. 
 
The image quality metrics mentioned in the previous section can be considered to be 
modelling approaches. By correlating them with changes in visual acuity or contrast 
sensitivity as defocus varies, they can be used to predict DOF. Alternatively, as described for 
the study of Yi et al. 20 above, some may be used with wavefront aberration measurements to 
predict subjective DOF. More sophisticated modelling was provided by Watson & Ahumada 
23, who used a decision process to predict visual acuity from wavefront aberrations: this could 
be easily modified to predict DOF based on visual acuity thresholds. 
 
Ophthalmic methods for increasing depth-of-focus 
 
There are two conflicting principles that currently operate in ophthalmic correction. One 
principle is correction of higher-order aberrations to improve in-focus vision. The other is the 
deliberate increase in aberrations so that the rate of deterioration of the quality of vision away 
from best focus is reduced. The first approach will reduce DOF and the second approach will 
increase it. To provide presbyopic correction with the first approach, additional correction 
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can be used in the form of progressive-addition spectacle lenses when higher-order 
aberrations are minimized with aspheric contact and intraocular lenses, or different 
corrections can be applied to the two eyes with one eye corrected for distance vision and the 
other eye corrected for near vision (see Chapters 8b, 9b). Adaptation to the latter will be 
difficult for some patients. The benefits of the second approach, in which DOF is deliberately 
increased, for presbyopia are obvious, but are obtained at the expense of lowered optimum 
visual acuity and contrast sensitivity.  
 
Artificial pupils 
 
One simple way to increase DOF is to include a small artificial pupil (2 mm diameter or 
smaller) near the position of the actual pupil. This reduces the diameter of the retinal blur 
circles at any level of defocus and hence increases DOF. This approach is usually applied to 
only one eye, possibly as part of a corneal inlay. It has the potential disadvantages of 
reducing the amount of light reaching the retina and of creating a retinal illuminance 
difference between the two eyes that may be disturbing to some patients: perceptual latency 
in the eye with the lower retinal illuminance may result in the incorrect perception of the 
tracks of moving objects, or of the positions of static objects when the individual is moving 
(Pulfrich effect). More details about this presbyopic correction modality are given in chapter 
9f. 
 
Aspheric surfaces 
 
Ophthalmic correcting devices for which there is simultaneous correction of distance and 
near vision are referred to as “simultaneous vision” devices. Three types are aspheric, 
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concentric/annular and diffractive. The first type has variable surface power, the second type 
has two or more discrete zones of different power, and the third type has two different 
powers which both operate over a large part of the lens (see Chapter 8b, 9b). This section 
deals with the first, aspheric, type in the context of increasing DOF.  
 
The asphericity of a surface of a cornea, contact lens, or intraocular lens may be manipulated 
to alter aberrations, in particular spherical aberration. Conventional LASIK and 
photorefractive keratectomy corneal refractive surgery for myopia give high levels of 
positive spherical aberration because the anterior cornea becomes highly positive aspheric 24, 
and surgery for hypermetropia tends to give high levels of negative spherical aberrations 
accompanying high negative asphericity 25. These high levels of spherical aberration lead to 
visual problems when pupils are large, such as in dim light conditions. However, the 
spherical aberration can aid presbyopes by the effective add that is given, e.g. if the central 
manipulation of the anterior cornea in myopic LASIK is appropriate for distance vision, the 
greater power of the intermediate parts of the cornea provides an addition to help near vision.  
 
Spherically-surfaced intraocular lenses contribute positive spherical aberration to the eye that 
adds to the normally positive spherical aberration of the cornea and therefore increases DOF 
26. Despite this advantage, there has been considerable effort in recent years to aspherise one 
surface of the IOL to optimize in-focus performance eg Piers, Weeber, Artal, & Norrby 27. 
 
Aspheric contact lenses can be provided with a centre-distance/ peripheral-near arrangement 
or with a centre-near/ peripheral-distance arrangement. The former has a surface with 
positive asphericity for which surface power increases away from the centre; the latter has the 
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opposite. Some have argued that, since the pupil may constrict in near vision, it is 
advantageous to have the greatest power at the lens centre. 
 
The asphericity Q of a surface is related to the sagitta (sag) z of the surface by  
z = ch2/{1 + [1 – (1 + Q)c2h2]} 
where c is vertex curvature of the surface and h is height at the surface. Q is negative if the 
surface flattens away from the vertex. The change LSA in longitudinal spherical aberration 
produced by a change in surface asphericity Q is given approximately by 26 
LSA = c3h2Q(n’ – n)/2 
where n and n’ are the refractive indices on either side of the surface. The change in 
longitudinal spherical aberration can be related to the change in spherical aberration over the 
same height. If the spherical aberration change is given as a Zernike aberration coefficient 
ܿସ଴, then 2 
LSA = 245ܿସ଴/h2 
Combining the last two equations gives  
Q = 485ܿସ଴/[h4c3(n’ – n)] 
This equation shows that the required change in asphericity is proportional to the change in 
spherical aberration coefficient and inversely proportional to the fourth-order of the height 
over which the coefficient change is applicable. The addition is usually expressed as the 
longitudinal spherical aberration at some specified height.  
 
The success of aspherising a surface of a contact lens or of the cornea to provide presbyopic 
correction will depend upon how the change in aberration interacts with the existing 
aberrations of the eye. The pupil size is important, as a small pupil will not allow the full 
addition to be expressed, while too large a pupil size may give more addition that is required. 
 	 Page	
17		
Since pupil diameter reduces with age (see Chapter 5c), a design that works well with a 45 
year-old may not succeed with a 60 year-old. Decentration or tilting of the correcting devices 
may introduce unwanted higher-order aberrations. 
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